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ABSTRACT £
A thaorotical treatment has been developed for the pfghlem of an eleg- g
trically small loop anteuna loaded by an infiaitely ilong, homopeneous, imo- g
: E!
tyopic but lossy ferrite rod. The loop whiclh carries a constant current hag i ﬂ

‘banh idealized to be a delta-function generator. Au cEfectlvaZwagnctic cur-
rent (volts) 1s expressed explicitly in the form of an inverse thrier inte-
gral. The con:ribuﬁion to the total current from the simple poleﬁwhich can
be asgoclated with the surface wave is called the transminssion current while
the contribution from the branch cut glving rise to the radlated field is,

correapondingly, the radiation current. Also, the asymptotic behavior of the

current very neay the delta-function source 1s lovestigated. Two vaiues of

T L AT SR e W T 2l VGBS

slsctrical radii of the rod are considered and for one of the cases the

aagaetle curvent ie plotted for & r nge of values of che'pernnability of

the faerrite rod.




1. INTRODUCTION

This report addresses itsulf tn the problem of fevrite-cored loop anten-~
nas. Clrcular loop antannas with permeable corus have been used extensively
in radio receivers. More raecently, the radiative proparties of looup antennas
with epherical ferrite cnres have been studied both theoretically and expari-
mentally by several researchers. Loop antennas with éylindricnl farrite
cores have not been used ag transmitting elements, powsibly bacause of a lack
of sufficient theoretical aand experimental informacion.

By way of introductiom, it is useful to consider an historical review of
this class of antennds., In the early yeara of radio, receivers (540-1600 KHz)
employed a flat coil of wire, usuali& mounted en a Elat surtace of the radlo
cabinet, as the receiving element. Since the coil was alr-cored, its perform-
arnice depended largely on the number of turms, coil area and (. With the de-
mand for compact sets, it became increcaingly Gifficult to place large-~area
coils far enough away from the chassis and get appreciable sensitivities.

Out of this need for smaller mets avolvad ihe idea of ualng high permeabilit}
material for an antenna core and an early work reported on this subject is by
Kihn, Harvey &nd O'Neill (1940)., Thelr experimentz involved a core of finely
divided iron preesed with a binder which soon provad to be uneconomical be-
cauge of the latéé mags of watarial necded for a small improvement, So, a
large parmaability tgterial with a low loss was needed and found in ferrites.

Since their use in broadcast raceivers, ferrite rod untennés have ra-
ceived only occﬁeionﬂllﬁttention. As transsitting elumants, they hava beon
atudied more racently. However, wost treatmenis [1]-[4] have bean for spher-
ical ferrite corea; an esxception is the work of Islam [5) which treats a cy-
lindrical ferrite core driven by & constant current carrying loop. The for-

mulation in (5] consists of finding the megnetic vector potential A w aA¢ ex-




A

£ plicitly in an integral fona., Some numerical results are also preaented for

the radlfated fiald and radiation reeistance at low frequencies of the order 1 ‘

i W—- AT B L

of 300 KHz. In contrast with the work of Islam [5], the present report is a ] .

Gl

direct boundary-value approach to find the electromsgnatic fields avarywhere.

-
T

For this purpose an effactive magnetic cuvrent has been defined and evaluated.
At least in prvinciple, the othar quantities of ianterest can be derived from
the magnetic current disﬁribution if it is precisely known.

I1T. ELECTROMAGNITIC FIELDS OF A LOOY WITH FERRITE CORE

Figure 1 siows an electricallv smell, filamentary loop antenna of radius

a, loaded by an infinitely long, homogeneous, ipotroplc but losay ferrite rod

LR g

of the sama radius. The ferrite wedium is characterized by u = uo(u; + iu:),

L) so(e; + is;) and kl = wyue., The wmedium susrounding the rod and extending

i w1 S, ¢ Womertin” "

to infinity 13 free space, charactarizad by u o ad ko = mJEEEB. The

o ©
radiua of the loop 1s much less than the wavelengih Af in the ferrite madiunm 1

80 that the loop current Ig in in phaga at all points and essentially a con-
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etant. Thus, the only gource of electromagnetic fields in this problem can
be represented mathematically by 31;5(0 - a)6(z). Furthermore, there is azi-

muthal symasetry so that the field quantitiee do not vary with respect to the

¢ coordinate. An harmonic time dependence factor exp(-iwt) is implicit in

all field quantities.

At this stage a dilscuesion conceriiing the ralevant fisld componenta 1s

in order. Inlam [5) states that due to the symmetry a? the problem, only the

i il

¢ component of the magnetic vector potential X axisty and then procreds te :

IR T SO TR L DRI TR FILY Tl gt T 0y P

i find Ec, H, and H, through A¢, setcing all othqwzileld components aqual to

bl

zoro. In eveluating fleld quantities in certn.d sntenna problems, it is con-—

’ v

venient to uee the component of vector popénaikl that {s parallel to the di-

B raction of che currsat in the aotenna, U?ﬁ#iy; Az in the case of the dipole

:
i
i
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FIG. 1 GEOMETRY OF THE PROBLEM
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antenns and A0 for a Joop autsnna without the core. Ic both these cases the
pavallel component is sufficient to solve the probler completely. The ap~
proach generally adopted is to set up and wolve an liitegral equation for the
current on the antenns. With the current dietribution known precizely, other
quantitica of intereat cién be derived.

There are a frw aim’laritiss between the conducting cylindrical dipole
anterna and the ferrite-rod antemna. The dipole auteuna is made up of a wire
of high electrical conductivicy end 1is d!lvén by a delta-function voltage
genarator while the ferrito tod antenna copslists of a wmaterial of high perne-
abilify {magnetic analog ¢f alectrical cunductivity)* and is d-iven by a

delta-function current generator. Practical waetals like copper, aluminum and

‘brass have high enough conductivities to justify an approximation of wvenish-

ing flalds fnslde the material of the dipole antenna and, if more accuracy lg
required, cheories do exiat for imperfectly conducting dipole aatannas [6],
!71. Whils the dipole antenné problem has been set up and solved with an in-
tagrsl equation, the loop louded by a ferrite zod is n boundary-value problem
formulated in terms of diffefdntiﬁl aquatiou‘. However, on the banil of phya-
ical neehanisna. the ferrite-zod antenna can well be compared with the dielac-
triec rod aatenna. {8). In the ferrite ma:eriai; the magnatic dipolesbget
aligned in the d?rac:ton of the magnetic fidid giving riwe to an effective
nnguatizn;ion H whereas tha electric dipoles get rg@rranged in the dieléétric
medivm to give rise to » polexization £, Thim snalogy will be discussed in -
fuxther deﬁoil at & later stage.

Returning to the question of relavant fleld componants, the loop cavriesg

- Perwosbility can be ealled the magnatic analog of electrical condudtivity
-wince conductivity and psrmittivity can be represmauted interchengeadly in

a matarial or widium with cosplex parameters.

et
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an srimuthai current and excites the magneti:c dipoles inside the forrite med- :
fum which can bé vieved as wicroscopic current whirla as shown in Fig. 2. S
Since thesd currents on the antenna Ate in the ¢-direction, a component of ' : '
wmagnetic vactor putenticl paraliel to the curvents, A¢, 18 aufficient to.de- - . §

rive all the non~vanishing fiald components. This 1s basically the reasum
why Ez = 0, Ep = 0 and H¢ ¢+ 0, and Ho. Hz and E¢ must be determined by solv-~ !
ing Maxwell's equationa, appropriately written fot various regions and with
suitabla bahndafy,conditiona. In fact, this proacduie dues not vequire a

current distribution to be dofinod on the antenna; however, a knowladge of an

equivalent current distzibution on the fufinite rod could perhaps be vary
vseful in pradicting the charecterletics of a finite rod antemna. Lt is ]
wmathematically iaconveniant to work with tra ¥V x M cuirents depicted in ; ;

Fig. 2; hencé,-zn agqulvalent plcture given in Fig. 3 ie used and the ﬁagnetic

S

current denalty § 1s defined. It is a volumetric current with apeé!.f.’ic » and
z dependence, which can be integrated ovny th§ craaa.seﬁtion of the antenna

to -obtain an eqﬁivalﬁnt megncric curcent I:(z) (volts). This curfen£ can be
derived if the electromagnetic fielde inside the ferrite rod are known. It .
is now nacagsary, éhefefore. to determine theée fieldn which are soluiions of

Maxwell's curl equatcions:

I ' W

S TS | - | @

PR~ NS ] B )

SRS Mt

Eltminatiog A from (1) and (2) gives
¢ x (Vo E) - kF - gyl ' 3)

- 3136(9 - I)G(z)! Ep - Ex W'O'ané“ﬁlag 2 0, and using an expan-—

Wieh J f QJ‘
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sion in cylindrical couvrdinates, (3) reduces to

(4)

2 2
a 1 4 ps 1 a
[—‘—*i"""b“*—"f' (k ~- 7)4";;*2“] E‘b(D.z) - “’iqué

By molving (4) for EQ and uvaing (1), Hp and “x ran be obtained in terma of

E, as follows:

¢

In oxder to aolve (4), a Fourlew transform palr le defined as follows:

B(ou8) [ E Goande™ "% az (c)
@ 1 = - X
Byoua) v [ 3 EGael™ a M
The Pouriztr transform of (4) is
& 14 [,.2 2 1 , o
‘ --E v '5- ‘d"")‘ + l(k e E ) e :E] E(DQE) bl -1(‘““106 (D - A) (8)

Continuity of the tangentisl electrle fiald requires that £(p,E) Le —antinu-

vua ot p = a (first boundary condition). The dimcontinuity in the tengeatial

wagnetic fioild i the true electric surface cuvrent demaity, ox
" .

H(“) - H(l)
. 2

pus «186(:) vhere the superscripie rafer to regions I and II

as ghovn in Fig. 1. With (5b) this becumes

Gig\ T TTE T L T T T ) R Tyt A9
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Thae Fourier tranaform of (9 ia

dg(l) §(2) E(l)

s - ] . lwp, 15
dp Wy np a ay, pma 0°0

(sacond boundary condition)

Now -the solution for (8), which satisfles the homogeneous differenclal equa-

tion and les single-valued, fulfills the above boundary conditions and 1is wéLl

bahaved at p = 0 and infinity, is

E(l)(ﬂ.ﬂ),% AJl (V/Li - 52 p ) | for 0 < p <a
2(2)(ﬂpﬁ) - Bﬂil) (. k; - 52 D) fora < p ¢

\10)

(11)

Lot v, = kg - E2 and Ty~ J/;i ~ 52. it followe fyowm the application of

the boundary conditions (sea,ﬁppendiu-i) that

aand -y e

, Nk
Jl(yla) (1)(7053 A}

Jl(Yla) + nvlJi(Yls) ~{1 H(l)(yoa) + au 70 (Yoa)] B
L _ < L

This mstrix equarion caa be solved for A and B to give

A= 1uun1 (1)(voa)lb(£)
B~ iwualo 1({13)/D(F)
whéxe b(g) 1s given by

D(E)_" ﬁleJo(le)Eil?(#oa) Yok l(vla)ﬂsl)(voa)]'

The puhs;;tutian of (12) apd {13) in (i0) and (11) aives the transformed

T

“ .
07'1
iwuourmIg
(12)
(12)
(14)
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“9u
flelds In the tww reglons. Thus,

AC PRI 1muaxox1§ )(Ya‘” (vln)/n(a) ‘ (15)
. B (o,6) = iwuaI (vln)H(l)(Yof)/ﬁ(E> (16)
;&
; ;; The application of the Fourlar inveision formuia gives
i 5 : ' ) ‘
Lot | funar® = 1D ¢y a0 Cyp) -
Pow g Ty ERAURAE S e LT s
i c o (poz) T ] - A e dg, (0
i & ~e
ik ' '
;-' ' fwpal’ « J (Y a)u )(y 0
3- 123 -0 1 O kz
1. Eg (92 7T ~£ ,n(r) e’ dg . (18)

pletaly determined 1f ure ia made of (5a) and (5L).

111, REDUCTION OF PIELD EXPRFS&ION T4 THE CASE OF SINGLE. TURN LaOP AhTENVA
‘ IN FREE SPACE

e e e e i

i
v

When e ™ 1 and €~ 1, the prollen is equivalent to thut'bf a4 loog an-
tenna- in free epacq;' Hence, with R 1 in (18) the fleld should reduce

ti that of a constant current-carryiug loop antenna. 1ln order to achieve

R S

kl. Yy
'un._respnctivaly. Wich thame changea (18) bGCUﬂEE

thie reduction, the quantitiva Mee € and bec(me 1, 1, ko' V‘O-aﬂd

. : (1) i€z
Loy . - J (T s)H (Y p)a
E:z)(p_“) o ;L % 0 0

, de
- ygald, (voam“’woa> FRO I

1[:

- uuoal , J (yoa)H(L) (v u)e

’ ..'{,76;—[-30(70&)\30(705_) Ty, m)J sy I

o3

|

where the terw within the brackets in‘ﬁhé dsnosinator 1s a wrnnskiaﬁ and s

Once the preceding integrals vre svaluated, the electromagnetic fleld 1o com-.
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y ~10-

k |
' = aqual to (2/1170). Thereforsm, !

? i
g ED (5,0) » caugar®6) 1 2 oD o6t g |
- ¢ (PrE) T ATulghle/RR L Mt E Yghl®
] jl For & distant poiut (a << z,p) and & thin .-mte'tma'(koa << 13 the small argu~ ;

l 5 _ : .t

.‘ % . mant approximation for Jl(yoa) v (yoa/'l) applioa and _ i

SR - (2) g e SEE (AT 2) 16 P
S ] =Y A (. 4 .y " £z :
g B¢ {p,x) ™ ( wh R IOIQ) -{ ko £ Hl (r ku el e 4t {19) o
| é The foregoing integral wey be evaluated usiug Weyrich's formula (9], :

; . }

: '
| : 2 2 {
| 3 v S (s \/p + z5) .
-k 4 7 aEe (1) 2 ) o TXPLTRg Y ! ;

i &L ) e - |
} . pT ot i
S . . @

S which ia valid for p and 2 renl; O < arg ko < n; 01 acg [/ kg A T ¥ | !
S . T - !
f v this foruula ie dilfatentinted on both sides with respect to p, the result ie g

o " N N -

1 w 4 fS . B

5 _1 f eit‘.’z (1) / )/k . .d ﬂ’dl(—ko./ﬂ ‘:vz 1Y ¢

g 2 |, “u | T |

"I ' Vo< s !

57 -

g - of ik VISR
! ifz .(1)( / 2 2)/ A A r
-3 [ ald P WA Sl ko ~ £7 dg = & L

g 2 1 \P/ %o 0 L L(a *z)af:z . +z2_ b

% - When this result 1a substituted in (19), one cbtains f

: ( Lo J‘

tkp -
3{.. ¢ 'z} exp(ik, /o + <%

2)(9.)-(1muu1/6)[ 3 , :
7 (o -0'!) '-p'*z | o

Thig axpression is {n cylindriul: coordinaten amd can esally be put in eph&f-f

ical coordinates by 1et|:1ng g =R cin ) aud p'? + z - Rzl L

. gk K #in 64 ikR
x‘”(a 0) = (Husy .21 4) Radad . O 1,70




-3l
- Ly T3 . _ 1k R !
-(___...2... wa ')(1 - “‘OR) gin 0 o (20) z
4wR :
% This is the urual form fov the tar fleld uf a current loop un frse gpace and ;
™ . b
% ig in agreemani wilth the rasults obdtaincd by King [10] and Wait [21]. )
& . ' : f
%ﬁi IV. MAGNETIC CURRENT ON THE FERRITE ROD
%— From the knowladge =f the electric field inside the ferrite rod, the }
: 2; magnotic current Iin the antenus can be tound. As pointed out in Sectinn II, a
i‘g‘ 4 knowledge of rhio current could be useful in erder to predict the churac- i
? teriatice of a finite rod antenna. The followivg procedure is adopted in 13
EX finding the current 1':(',::') + 1) ‘since Eé” ia known, Hil) can be found using 3
e . B - 3
& . ) : ;
B (5b); 2) minge the fervite -medium is assumed to be homogeneous and isotropic, }
§ M;l) (p,2z) = (ur - l)H:l) {p,z) 18 easily fouad frum which ;j
; " . ; .
: % Iz(r.) = ¥y f M (p,z) 2¥p dp (21) %
N ¥ {5b;
- B From } .
o ; 1
B a 1 w P, 8P,
£ i )(p zZ) - ¢ + -2 {
L % - z I dwu Y n E
%; The aubsti_tutioh for Eil) from (17) glvaea
f\f : ) 8 (1) . 1y . -
& NI . - ilﬁ - My Cvga) prygedpGyge) b Jl(Ylp) 1 RETI ;
& z ’ Zn 4 () P ]
5= o -
- ‘With the idenzity xJ:‘L(g) +J(x) = :',Jo(x). this becomes 3
¥ - - 4
gi‘ ( ar® - H(l)(y a) i
1) ) ! '’ 1€n -4
L (p,x) 4 -5= _L—"Dm‘_ Y“.Jo(vln)é 4E

Therstors, ' '

ng (p,z} = (n,. - l)NS)(p.z)

S . i e, e s

[ ™ |
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The use of thias formula for Mél)(p,i) ia (21) vields

e

Tu LR

[

(1)
w H (y,.a) . a
15(z) - “tuyy - 1)a1§u0[ i (*‘}:B“(t‘s‘g“‘"“ eits {) 3 (¥,0IY 0 dp) dr.]

I

Al

T

§ Let thie variable bLe chenged so that x = YiRs then

&

E ) ,

; ay

) ~ e [ T g g4 2

; Ii(z) -iw(ur - l)dlﬂu [-L(~—b~€-€)‘*~ e -Y—l* {) &Jo(x) dx )d&] (22}

g

; To do the x integral, the following identicy I umed:

g — - S . '

i |

; Roth sides can ba integrated vith vespect to x: :

| ;

¥ i

d / xJO(x) dx = le(x) |
: % Therefore, i

i av, av, !
i [ xIyx) dx = =1, (x) = ay,J, (y,n) -.

y 0 0 ;

; When thias result is substituted in (22), the following expression is obtained: ?

57
" 2,0 [ / 1ty a el |
(e = ~dw(u - La‘tgu | [/

]
"‘l[YlJo(Ylﬂ)Hil)(Toa) - Yourdl(yla)ﬁél)(voa)] :

(23)

o o GG TR 2

" A
Thus, the magnetic current Ig(z) (volts) in the ferrita yod im expressed

explicicly in an inverae Fourler integral foam. The investigation of singu-
larities of the Llatagrand snd nuaericel eveluarion of the integral form cthe

subject of Yections VI and VII, respeccively. : : ' {
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V. ASYMY"I'{!TIC BEHAVIOK OF THE CURRENT ."ERY NEAR TRE DELTA-FUNCTION GENERATOR a

K ' 2

To obtain the behavior near the driving poiny, the following integral

must, b&g;"txvaluat:ad as ¢ + 03

¥ (1)

13 g

E ) o - @ " B"l (YOl‘)Jl(Yla) 1€z '

:3 ;\I“_‘.(z) ] 1ma(ur - l)Iouo L _{” en ES ] df . :

Fi This 'e more edaily accowplished in the tranaformed aspaca of &. The Fourter ;

B . tranaformed current :

S . 1

10t i . o 2 (v (vie) !

| e ' F o~ -~ N 5

LI 1(E) ~=-Aualu, ~ 13gug 10) j

"f r,tm he evaluated 28 £ -+ =, which 1a equivalent to looking at 2z =+ 0, ;

‘ S 7 e (1) i

4 - ghan 1(1) -Low Zrp T e, = DRI (rgm)d (v i

g m ]1im (

k = £+ @ £m pLE)

UL Taiolt o

i
: A R 2 2 /22 22
: Y]. kl -6 =1/ - kl H Yo b ko -t = .1-_ £ - !'-0

=]
g Aa;_.-q_. - Yl + 1£ nud Yo * iE, z  1

i

SN (05 T VN O 1)1gu§1)(1ag)31(1ac) -
-flia[ . -
B ml Fw 1a5J0(1ac)u§1?(1uc) - uriﬂﬁJl(iaﬁ)Hél)(in€)~ B

o ’ i . ;P
#1gh the use of the modified Bussel functions: : G

E) ": Ej

' - : (1) L2 ]

B .lo(ix) Io(x) : Hy (ix) = - ; Y.l(x) / )

;. } , (1), . 21 ~ i i
JyUx) 1L (x) Hy " (1x) = - ==K, (x) 1 2

/ 3
: 1(e) —ppdniulBly - 1):2(-2'/w)x (at:)ii (ui) i
i - lim [ AN 1 L8 ] B
:(' £+ w» [ve ‘

rrlaCIO(aﬁ)(—Z/w)Kl(at? ~ uriusirl(aé)(a21/q1551a5>

1ot

i
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i 1018 2
: . 1in [ ~pgdn wlo(ur ~ 1a Kl(ﬂt)ll(ﬂﬁ) ] ‘
% pom | WEL TRDIK, (aE) + i aET HOK(AE) i

With the use c¢i the asyaptotic axpanslond,

at the source and is wimilar to the isolated dipole antenna in free gpace ob-

%
i r » |
5 K (o) Y ilix e
4 A '

\ g Kol'x) v Valix e f

. 4 A x + = < X
¢ 1, (x) ¥ YI/3 " ;

r § :
A i
? Io(x) ~ Vi 2k e : ;
- 1 '

, 5 1(e) o ;
Z E*Zwiwlg(u - 1);10512 255'
£vw i 1,0x
¥ 272 :
_
:;; m- -] r -1; }
g ~=2vlwal,u, b+ 1€ !
1 f
B Since the current on the antenns. is an even function of z, one can write £ in }
%{ ' [
ﬁ tha foregoing expression as |t| and take its cosine inverze transform to get i
g L :
i Iz(z) ae z + 0. Thua, i
é o
q » .
i I,(z) . M-l oo
i wodbawl p —=-e=e fn |z| + Zinite integrals (24) : 3
: 0“0 u_ ¥ 3 g P
i 2+ 0 x ) PR |
; -
i .
; ‘This eqguaticn states that tlie wagnetic current has a logaritimic eingulavity ! :
’i
i

tained by Wu and King [12]. 7 - ‘ o
VI. TRANSMISSION AND RADIATION CURRENTS ON THE ANTENNA

To evaluate the fnllowing integral, tne singularities of the incegrand

muat be investigaced: . R }

N e - L i B
P S S T e e e - sxicdld,
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(1 *
- i
I:(z) -—1u|u0(ur - 1)18 -{‘ﬂ“l (Yg:iilEYl“) 0iﬁz d (25)

g o ? *

; : with D(¢) "‘I;ﬁigirli)ufl)(vos) - uryoaJl(yla)nél)(yon) vhere y, = V/Li - gz : )

é‘ and Y, - kg .- 52. %

%V The total magnetic current I:(z) can he thought of aus 8 eua of 2 traps- J%

z : mission current I;(z) and 3 radiatlon current 1;(2)' The contribution freom a -i

%ﬁ %, simple pole gives rise to the trunemission cucvrent and is assvoclated with a j

i ii surface wave on tho antenua whereas the contribution from the branch cut is §

E é, correspondingly the radiation current that suintains the electromagnetic E

E g- fialde Qt distent points. é

g. éf Note that € = tkl are not braunch polats since the integrand remzins un- %

] 58 1

%' g changed upou adding 7 to the argument of T, Thus, £ = ﬁkO are the cnly =

brancih points. The polas of the Integrand can be determined hy solving

D(E) = 0, which will be dlecussed in derail with reference to Fig. 4. This

figure shows the path of integratiun, the pole lucation and the branch cuts
in the complex £ plane. At this stage, for illustrative purposes, M and .

are assurmd real.

< v, with a = £7 - k.l ~ —iyl and

r
‘w

a) On the veal axis, for kl <

T e o AR LA i AR b TR . wm it 2

\ .
f =/ E2 - k2 m —-dy ¢ D(E) = faal (Lﬂa)u(l‘(lﬁa) ~ p_1Ral (1ua)u\1)(iﬂu). i
0 0 0 1 4 0 _

Introducing modifled Bessel functions, D(L) » 0 requires that [uélo(qa)Kl(ﬁa) :5
+ urBaIi(na)Ko(Ba)] be equal to zero., Since for real and positive values of }
23

« and £, the modified Bessel functiona ;0' 11, Ko and Kl are all real and i

peaitive, this tequiremdn:.cannot be uet and hence no pole can exist ¢n this

e l -

e e

part of che real axis.

e
e
W
DA

and on the entire

b) On the part of the real axig where 0 ﬁviﬁi <-k0 ‘ == .

imaginary axis, D(E) = 0 fequtrea that

s
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THE PATH OF . INTEGRATION
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FIG.4 COMPLEX £~PLANE SHOWING THE SINGULARITIES AND
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vyadp(y, ) “él)

heYoht) (v, 8) ;fi)(voa)

(vqa)

=
=
E
F
H
i

E

B/ Rt A4 A WA MRS il WL
ﬁ, 2 2. 2 2 b
: I3 (rgs) + Yy (rgn) I ygn) + Yilrgd)
% The left~hand side of the above equation is alwaya real for the range of g
values being considerad whereas for the right-hand aide tv be real E
i i
B H . - 1 ' =
f g JoCr @) Yoy ) Yo(v @) Jg(yya) should be equal to zero. But this 18 a |
Wronskian and cannot he equal to zero. Therefores, there ia no pole on the g
part of the real axis for 0 < ‘E| < ko or oa the entire imaginary axis. ;
¢) On the real axié, for ko < lu! < kl' the equation D(L) = 0 becomes E
, , E
RN ¢5) : 1) -
YlaJO({la)Hl (18a) - urtﬂle(/lg)un (ipa) = 0O :
or (26) %
Y 83 )R, (Ba) + u 3aJ, (v 8)K (Ba) = O %
g
' . | 3

“Ho N3 (5 = u xR () /K (x) 7 é-

where x and y are both positive and real with x = fa aud y = LR The trang- % _

a1

cendental equation (27) is simlilar to the one obtained by Sosmerfeld [18] in
the proublem of waveg on wires. However, the graphical method uged here for
solving the aquation 1p augenclally‘the pame ‘a8 that of Dumcan [8], 8ince

the vrisbt-hand side of (27) is always pogitive und real for lugeless ferrite

[
IS
=

medium, 2 solution s possible only when y 1w such that Joly) and J, (y) carry

opposlto signs, This can alsb be cbsarved. in Fig.'s and leads to

| PR ' L,
}D.i < a kl - ‘;0 < vl’(1+1) ) for 1 - ;. 2. ras . (28) -

vhere €, 18 the solution, L.u., D(2E,) = OO

B S ST

g
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- 4Eh .
| yO.i i aaxo of Jo(y)

w (a1 Bl . =
Y1, (141) (i+1) ™" zero of Jl(y) H Z |
§
for example, 7
y(),l = 2.405 y1,2 ~ 3,833 f
Yo,z = 3:520 ¥y,3 "~ 7.015
E
= - 1 Tff
¥0,3 8.654 71,4 10.174 3
From Fig. 5 it le also clear that for every value of x there sre infialte 3

values of y which satisfy tlie tranaceadental aquatlon {27). Each of these

£ a i T

gL

|
\
-
. !
v B aplutions corresponde to a votarionally symmecrical TE propagating mode on 1
P the antenna. Fig. 6 illustrates the multi-valued nature of y, srlsing out of 1
2 ;

i the infinite branches of the left~hand side of 'equarion (27). Each veint

(x,y) on the dashed curves in Fig. & leads to a poaaibie solution iEo. Also,

L ‘J/éz - kg and y = a/ ki - £2 which leads to

2ty e @ | (29)

T T T P o G o i 8

2 2 §
uhere R (aku) (urLr ~ 1). |
Since x ard y have to satiafy equations (27) and (2%) eimultanecaely,

there ave now a finite nusber of solutions ax exemplified by the circla.C3.

A S ® et o e

‘'If R 18 auch that 2.40% < R < 5,520, only the dominant TF wode 18 suppovied

A Ko e

ey

by the farrite vod. If R < 2,405 like on Cl' the antenns ig below cut-off-

-

oy

i

for uil the propagating pur{ace modes. Furtherwors, for practical ferrirves

etz
e

%«‘*ngﬁwwﬁi’"‘-’ e Py,

i

gincu Wely *> 1L, R 2 ak1; Thus, one can reach a conclusion that akl has. to

il

ety 3l

be at least 2.405 for the surface wavee to appear and additional modes ore

 |upported £ Mo ie lucressed sufiiclently. Alre, whan & gurface wvave ia

8 G
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uresani, {ta propagation constant will lie¢ between the wave numbers k. and

hg WAL 2 0
kl of free smpuae aad the furrite medium, respectively,

d) 1t gtlil remaine to axamine the fintte complex £ plane for the solu-
tions of the equation D(L) = 0. Since no analytic solution in pussible, au-
merical procadura conslated of computing the magnitude of tha vecivrocal of
D(E) at sevarail grid points in a square of size Zkl in the firygt quadrant of
the complax  plane, This computation was carrvied out on both the Relwann
aheety of the cowplex drtegrand of (23) far e ™ Fp ™ 10.0 and ako - 0.05. A
solution %o DOL) o 0 1e dgenrified with a pesked bshavivr ol Increasing am-
plitude In !l/D(E)i. The real axls soluition f&o of ¢) with ko d ‘ﬁoi “ kl
was found within computativmal accuracy and no vther wolution could be found.
Although this in not a concluslve mearch for the voots of D(G) = &, 1t should
o peantian bul thet the golutlounw, 4f any, in the lower half plana, leading
to growliy waves, ara to be discarded. Furtherwore, anv solution away from
“ha raal arls (o the upper hulf of the gomplex [ plane gives riase to vapldly
attenuatinyg surface waves which are signiffcant uvanly at¢ very short diutanceg
fyom thﬂldﬁltﬂmfuﬂdiion gaperator,

KReturning to the fuvtegral of equarion (23), the vriginal pach of fute-
gretdon €, which runs aloung the raal agls with aultable indenuntidnu. can b
daformad snd shown equlivalent to thw coutour ' if fhe pula'cbntrihutiun at

F,o- {0 ia suliably takar into account (mee Apperndix T1).

"
The toral magnetic curvent Iz(z) can auw be wiltton as
« f ®
- 1 ! +
Ig(!) IT\t) Iugz)

srith b .
,Apg uc(u ~ 1) H "{v ?}Jl~}la)a ) L

Io(e) = Zwi{ - : SR S T

(1)

d ) ] N
{ [y aa.(yla)l (YQ*)‘W ernijl(yla,nn \Yna}; Jﬁ“ﬁu

20
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ok VAR DT Y e w7

5
;. 22w
i an 2
l ;t * e A“il)(yﬂsydl(yla) ikz
. N . ({ - — s e . I3 E
: 1, (=) ~etwang i, = 11 { B ES dg (1)
's ‘%,. . [
f: ] Tta contout [ as shown in Fig. 4 conadsts of paths Gy and Cx which xun
i tc vhe left and right ol the branch cut and also c€ vhich 1a a geni-circulay
{ iz path Zround the branch tip., It can be shown thav the contribution at the tip
t
. b ia vanishingly smstll vhich leaves only sectlions CL and CR to be computead.
\ N .
} Zi L«t the variable be changed aso that ¢ = &0(1 + yei“). i
f b e m NG R LS " 7
| H B
‘ ;: I
] . ir/2 -
: . On Cp s Lo by ™ kil ot ye 4y (325) |
: Therefora,
x, “ of T et T Y ] ;
K - i - I Y . e " Pl "
| Ix(z) Lwauo(ur A)IOL é “(LR)c dy é LLhL)U, d}J (19 )
; .:z! '
» [ , wiane ,
£ S ST A 'T‘"”"z’) . /*2 \ - '
¥ Y(Qu) a; (u/ *0 R Jl\n LI ;/D\aﬂ) |
33 ,‘! and 1
P ; D SETEY) (ST o
: j E) w wkHY T S I ¢ PR R W1 Y a s i
/ é L(E ) ~ wity K“/“u ? 1(‘?/“1 Ly, J /) |
| 5 ' - o {
3 i Sybutatuting for £R Ay gL from (32) into thic aboye and updng toe aou- : -
k . Iytde continuarion pxepestive of Beamsl and Hunkel fuactionw, oae obtalus o
, \ o
e . (1), | | A
7] b T Ty on - - . ¢ B
I SOPRRU NSRBI o o
% ’ ' ' B
. YCL) = abi?) (w)ay {n) 7B (e, (34b) o
) . " ) ‘ : ‘,1 54
: | ' hiu, %) = 9JG(M)H£1‘ﬁV) - u?wll(u)ﬂél)(v) | ' ' {158) L, , ?
,‘i . o 7ot ! ] {r’) ) 1
; (uoy) = it oy IO 25k -
= . B.u,v) uJQ(u)Hl (V?- H§VJi<u)“Q (v) . ‘ (a5L)
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e

TR TRy YT momem e Tt 0 e e - 2 v ,‘

"3~

and i
u = ak, prew (l + 13') (30a) *
' [
v ™ ak /1 - (1 + 1'-) {36L) 7
f
Upon ueing (32) and (34), the two integrals din (33) can be combined to
i
yleld - 2 .
W ka7 o J (u) -yk % i
* =41 @ e a 0 - S
[ TR 4 { - i
In(z) Stk (i l)(nkOJ 8 fﬂu R ITORD N dy (i
wvhers CO = 1207 otma is the frue apzece charactaristic impedance; 8(u,v), ‘
Blu,v) and u,v arc dafived La (35) and (26), rewpectilvely.
VI, NUMERLCAL GUMPUIAT.ON i *
A, Kadiutioun Part of Hagnetic Curvent
"
In vrder to compute nuweriislly Lk(z) fiom (37), it {8 yaeful to examine !
the natuce of the futegrand. Eguatlou (37) s rewcltten ds follown:
L y . 1L=‘.N ~yk. % ' ' %
b ‘ ﬂ_:t» +® ' “ » b e 0'. LY ’ K :
I, Ce) s ggtan G l)wk) ' ' [ e iy LS B
| §
The intagreud with the factor axp(-ykozj suppredsed Le given by :
;',‘ﬁl

£(y) = £ (y) + AL, () = 35 () (AL0,¥IB (s, )

i
. RS
) . '

w2 )/ Tut g om{T oy = u v Cuni “(u,,,(ux (u)h(z ) v (u)H“ (v)] §
aith o . - (3” ’
M akﬂ/u ¢ (1 4 1}) and v » "“"n" 1o (1 + iy)‘ ‘
I DR L
prtrae 1V aubz outinmd LA AW taguiisd ko GO 0 ‘)0’ JL‘ Hﬂ . H
2)
013('1‘3 pnd Ei *bur aneplaa ug\:&m\t:u in updsr Lo obredn E{y) . ﬂuh{.’uucme‘ !
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BSLAML (of Bhnt [13]) bLaw been medified for double preciaion accuracy. 1This

i progran uses the series axpsusion Lor Jn(:)

o . R
S EIE ) S T(z/Z)z'ﬁ“

i g M 4n :
i >
5 Knowing tne argument x and order n, the total number of tevms in the saries f
é raprasantation redulred ke achieve a preassignad eccuracy is easily deter- E
° '
%T wined by sulving a quadratle equation. Then uge 13 made vl Hornex's algor-— i
0 !
E ithm by casting the r{iite serles in the form (2{(z{=z + a) + b) + c}.,, and T
i tha productr are compuibad frow the lpaermoust to outerwwuat, thus windmizing j
g the round-off errora, Yor lsrge avpumentu (|z| > 20), the.anymptntlu expan.-
f/ sivu lo wead, ' 3
; Subroutine BEGH c.umpuces the Hankel funculons Hél), ”52)' H;L) and Hi?)
% for cowplex argument 2 with double precisiun accuracy. It maces uae of the 3
¥
:E Iﬂ. progras 'BESE' Hrem tha 087360 I1BM dedontifie Subroutine package which wis i
g gﬁdifigd'hy That {Li] for conplex argumenta.‘ TBESK' computen the modlfied. §
E_ ? )3: z'.Béﬁaa; £unéhion‘ﬁﬂ(z) end Kl(x) wvhici sre then uged in computing the Haukel §
‘[g ; ‘v'“;ﬁuuauicnar~!BSLSNL uné BESH wave bﬁth testad and checked against the National }
f;g Sﬁc@gy ui.Standaﬁdu Tablas [14),{15] fov 30, Tir ¥ and L8 of & complex argu- g
% ggnc 5aié, 'Fcua these vablew, Hankel functions are caleulated uning the fol- é,
g i . icuiﬁg ﬁo;upﬁunuhipn fory o v O aud 1, E:
| f
g Hil)(z) “ Jn(z) +,1Y“(m) gi
: | j
i Gy w3 (o) -y (0 !
; 0 n Y i
Z wikh nomvlﬂuldeuﬁl; ﬁraniuion, au sccuracy of nﬁ leant 5 wigadficaat
% diﬁita wan ohtadned for both the subeout daan whay O < p < 24 and 0 < 180T, h
;- g ‘Brtauus nf the mQLF$F1Y1“ﬁ fuctoy axp(~yk0m), both the veul zud imaglosry ; J
| | o -
i ]
1 i
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paris of the total integrand are rapldly decaying functlons of y and it wau

found tuat fr and fi need be calculated for y rangiug from 0 to 50 only,
i ;“ In the expresslon (39) for £(y) u and v are the vomplex crguments ot
E ;_ DBessul and Hankel functions, respectively. -Wit!: the maximum value of y uuar
! o 50 and for the range of values of ak,, u_ and €. conaidered, tul and v, ‘o
not excead 15 and 10, vespectively. This eusures that the pubroutines BSLSML

and BESH are used well witliin the rvange of their valldicvy.

. 1) f(y) as a function of y, aud the numerical {integration for ti radia-
tion current:
ln thia section the behavior of the real and imaglnary parts fr and (i

of f{y) [which can now be calculated using BESH and BSLSML] {8 discussed. -

T

The dislactzic countant Er of the ferrite madium le hold conatant at 10,0,

Tw0‘v§luua of clectrical radii, viz., ako w (.05 and 0.1, are considered. "

Foe each nko thue reiative parmeability W i1n vasied over u range of valuas

axGeuding from 10 c¢o 200, fr and fi are shown graphically in ¥igs., 7 and 8.

Far the rod with the gmaller radiua, fr and fi

pesitlve and negative peak (¥ig. V) initially, but as e is increased their

1

Rl
hava, respectively, a Q'

1

10les are reversed. A oomewhat similuar behavior le found for the largeyx

radlus (Flg. 8). Furthermore, in either cape, both it and fi tend asywmptotd-

cally to rero for large valuea of y., The decay of bLoth tha real and imag-

inacy parts of the total {utogrand [f(y)nﬁp(nyknz)] 1g even fustey because of

the uuleipiicative veal axponantial factor. Due to thiw, a praliminary sval-

uaticn of the integral of equation (38) showed that the upper Limit of inta-

gracion can be replaced by 20 or lems without any sf{puificant loms in accur~

acy. 1L is loportant to perfore the incegration accurately arouuad the pesk

bacsuse of ite signlficaut contribution to the total iutegral. A 12-point

Gauun quadrature voutine from U8/7360 TBH Scientific Subroutine package has
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bean used [16]. In order to meat 2 specified conveargence critaerion, the
total cange of intagration was divided into sufficient number uof panels, not
to exceed 5 in any case, Since tha inteprand hus been previously calculated
and plotted (Figs. 7 and 8), the location of the peaka in both tha real and
{mapginary parts are accurately knowvm. Pauels are of unagual width and are
wo e L\osely spaced around the peak. The optimm number of panels M ls de-
cided by requiring that the value of the integral using M and (M + 1) divi-
sions differ Ly leas than 10_4 iv magnitude. The resvlts of thess computa-
tiona are shown graphically in Figs. 10and 11; they ave discussed in Sectien
VIlY.
B. Transasdapslon Part of Hagneiic Cuiveat

The transmigdion current on the antenna 1+ glvan by the contribution of
the resildue at the pvla § = EO' to the integral cf cquation (25). This wan

calculated in (30) to be

. ,
I‘r(') ~1.wazuo(ur - l)Hfl)(Yoa)Jl(vla)e“'z
2 (volts/amp) = 2L -omomm , (40)
1¢ & ey
0 dg EmEy,

The location of the pole § o 50 war briefly diescussed in Sectlon VI. It
1s now useful to sat up &4 graphical procedure to determine EO andd carry out a
sample calculation for the came of real paramatevs My and € Fig. 9(a)
showq the eleccrical radiua‘ako an a function of frequancy renging from 1 to
1000 MHe. Practical values of the dismeter of the ferrite rod arse conudderad
and it ranges from 1/2" to 4", In an aciual experimental wetup, care musc be
tuken to eusure the valldity uf vhe constant curxaenl spproximation in the
deiving loop by requiring uko < 0.1, Having datersined ako and knowing M

end € » One cen obtale the va.um of the paramete: R widch then i8 plotted i

Fig. 9/¢) ae tllustvated. A knowledge of % from Fig., 9{c) iuv uped 1p u(d)

e " |
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Fie. 9 GRAPHIC PROCEDURL TO DETERMINE THE NORMALIZED PROMAGATION
e } CONSTANT (&5/g) OF THE GCMINANT TE MUOE
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%3 Lo determina the value of the propagation constant EO notmelized to the free :
?1 space wave nuuber ko. lLetting (iolk0 » n, corrying ouvt the diffaercatiation in ' 1
; tha dencainator and after simplifyting, (40) becnmes {
: § A
A inkz ;
s * !
5 Ip(e) g
; o .- (volte/amp) » —— e -
S 1® v 5y 2 J (v ), ()
, 9 0 1 4+ n 0’0 . R g2 ol
k‘ "L " xg Ji(yo) xi(ur - 1) J?’(y())
Y x * (41) j
! ? vhere kg ™ 1207 ohme is the fres space cheracturintlic impedance and R = f
b 2 2.1/2 ‘
a Tha traveling-wava nature of the transeiselon _urcent carn now be seen : ‘
e from (41) ao that it ia suf€icient to plot the magultude of the normallzad ) ‘
P 4 ; *
. current !IT(z)/ISI ag a funciion of the normelized discance. :
i Exauple: Wy 10000, € v 1040, £ o 50 Mz, Za = 0 0762 woov 3 dn, :
; 1) From rig. 9(a), 2k, = 0.04 ;
o i
4 i1) From Fig. H(b), K= 4.0 3
; A1) From ®ig. (c), %y~ 2.50, yy = L.12; thes, xglaky = §2.5 i
Hi i
g iv) From Pig. 9(d4), H - 50/k0 = 62,50} !
! Using the nbove values in {41) IZT(z)/IgI fe found to ba 39,05 volts/auwp and ‘
i :
8 is shoim plotted in Vig, 11.
VILI., SUMMARY

An electrically s:all loop that carries @ constant current end 1y loaded

by an infinitely long, how. genaous, isotropin ferrice rod '8 heen zaliled the

MNGWELL L e

| furrite-vod sutenna. The farrite-rod antenns is treated uelzg & boundary-
: valua &pproach, An explicle axpressioun for vhe magaetic curreat in “he fowm
? of an inverss Fourlar intcgral has bess dzsived and nusavically cowmpuced.

Two valuves of the aluctrical xadiue fer the looy ace considered. For suw ol tha

cases the mmuatic tuvrest i¢ represented gréphicelly as a functien of the
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rnovaalized distance for a rangs of valuas of the relative permesbility of the

PR NN
[ [
1

e

ferrite rod. The magnetic curvent is found to consist of & transmisgion and
| = & radlation pRrt. Ity and ¢ of the ferrite rod are assumed to be real, 5
RN thien the traasmiselon current can be amsvclated with an unsttenuated TE sur—
face wave. Thiw surfaca wave ls rotatlonally symmetrical and has a cut-off
condition. Since thia surfacs wave doss not contribute to radiaticas, the :
g L cut-off conditton is easily met at fraquencies wvhere ferrite-rod antennas are

useful In pruoctice and, thus, the propagating surfsace mode cap Le made to

o dissppeay:. The redlation current on the ferrite xod is a decaying function
of distance sway from the delta-function mourca., Furtheruwore, the asymptotic
behavior of tha magnetic current snear the dalta-{unction generator was found
* Ly to be logarivhmic aand, hence, aimilar to the elent:ic current in the dipole

anteanz {Wu and King [14]). Ths aunalogy batween the ferrite-rod antenca and

- the vouducting cvlindrical dipole antenna was discussed in Section IL, It
was %180 mentioand thuat & comparison ¢f the ferrite~rod antenna with the di-
elacivic rod sntenna is poesible on the basis of physical mechanisms inside

the meceriul, The preseat foraalation can be compured directly with the work

ol

of Ting [17) on the dlelgetric—coated antenna. In this A currant diatwyibution

whnich also includes & tranwmisuion and a radiation part hLas baen obtatined.

The mégnetic cuxrents plotted in this report are for forrite cores of

i S infinite leugth, However, in praciice, low frequeccy snteanas like the fer-
rite rod dre of necessity finite and even alectrizaliy shért. Therefore, u

: ;; logleel extension of this formulandon 1w ro obtain wmagnecic current diastribu-

tiviia oa & finite rod. With this current distriduticn pruclasly known, in

o

e
oty

[ principle, othar quantities of iuterest like the radisted field and radiacion

efflrioncy can ba derdivad from it. It §s sapected thas thie wiil form the

VB subject of Parc (I of thise report to be published at a latar date,
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i LIST OF $YMSOLY
i (p,d,2) Circular cyiindrical coordinaten

v - u0(u; + 1u:), parmashilifrv of farrite madium
He Complex vaiative puerweabiiity
: , A - ro(c; + is;), parsiteivity of forrite medium
;i g €, Cowplex dielectiic coastant
i,? o Conductivity
t: %} Ig Strength of constant curieut in the driving jloop
:l E: s Radiue of loop =~ vadius of ferrite rod
; ? w Anguiar frequency {
?; k “ w/ye, wave nunber ?
: £ Fourier tranaform varisble for z coovdinate i
; E(p,£) z-transforsed eisctric field
1 - /i ;
i} Jn(x) Bessel function of firmt kind aand order n %
% Yn(x) Reumaun functlion of ¢rder n § {
3 uél)(x) Kankel function of first kind and ordey n % ‘
:‘ 'Hiz)(x) Hankel function of second kind and order u ? i
i: [Above functiona when primed mean derivatives vith respsct to their arsgumants) i .
2 -/ B
i {R,9,8) Sphevical polar coordinates , v;l
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AFPENDIX I

RUURDARY GONUSTIUNH aND LVALUATION OF CONRCANTS IR YIELD BXURELGLONS
The purpvse Uflthle aypendix Lo tv mvaluaty the vonstanty A and N which

appancud ln equationa (10) aud (11),
xn . JorTa I
(t.t) (q kl : @ ) ) ok OA;}P <A

E )(p F) - bn(ll(v/k w B p) for a < o« A

Ly apjplying the Tnlluvlug ruuvdqry ;nnditlnn-

i) !(n £) 1z continuoun at p v t.

o [ B m] e
) B\ R ¥ Tl T - TRt
. .
Tha Yivas boundary ceadiblon gives:
Al ( a) : BH(”(’ Q) w () ‘ 1 ‘
1 AN | | _ (I-1}
The edcond conddtdon ylaliu
0 s () A ) y
By iy | ‘YJ a) vlJl\vla) + oy (ygu) v J (y a) ~LuigJ 0} (1-2)
The twb aquaciony iu aﬂktix iovs sre
OO | -u( Q¥ «) 1 1 o0 !
171 o _
]
1(* a) + &‘l 1(Y &y - ~fu ﬁ(l'(vﬁu) + 8 (l} (y a)] . Liw,u!
. UX
RS P
L u,.

S ek AT MR £ N b s bt AL P 8 e a5 1 AR PR 2 it e b

R st A DR

e
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v DD T B A e o T

" R

e OST T Tle B B SRTT J ETIOG,
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A and R can now hm wviicren down uesing Cramer's vulae,

(%
4 m 1A¢alg 1 3((Ua)/dnt 511
B ow Awhll (Yln)/dnc “11
“dat m,, = DLE)

L3

(L'

- “Ji(vln)lu n(t )(vnt) + a v i

Séusiday che identity:

S MA Y wf (2}

Thurelore,

vlali(v @)
:(’

&!

Lo

The uwe &f thess idsptiidpe giviw:

N (You)] 4 H

y (v 8y o+ ?;&JO(\ a).

\vﬂm) f -u§ )\rgu) + vouH< )(\ s

Thus,
(Y-én)
(I-ﬁ‘u)

(J)(vos) 4 (Ylﬂ) + nvlJl(Yln)l

n(§¢7“ Jlfvln)H;l)(Tca)(l - u) YlaJi(Yla)ﬁgl)(vgf) s “:5;(Y1“>Yu““£1) )

L I e PO S T T T T T T M T

BED) = 1,y G G- )+ ) vzaxocvln>1u§”<v0a>

. i) -y Oy gy - 3 W, .

Jy Cyya)Hy =7 (v ga) “:91(7L')HL (rg8) Jl(qu)nl‘.(ygo,

J (Y a)P(%)(#Oa3 ~ Yunv A (ylt)H (yon} + i JL(YLQ)“(1>(‘ )
Fioally,

. ( . '
D{E) ~ aly, ity mui) (v ) You J. (y,a “Nyw (1-5)
| ettty o1 0 |
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APPENDIX 11X
2N THEY CONTOUX OF INTEGRATION IN EQUATION (25) f
S : :
:’i ! Ths purpose of this appendix is to aluwplify the path of integrution ap- : !
? _ pearing In {(253): ;?
r °»a!l(l)( a)l. (y,a) :
= ] o 1 Yot itz J
f , Iz(z) —1wauo(ur - J‘)IO n; R ey T e di,
. ;
3 S In the above equation the path of dntegration is the entive real axin and is R
i i i
/ :
t g? callad the goutour C, represunted by the path A to N in Fig, 12, i
i Consfdaring the two closed patha ACYIIA and JKIMNOJ,
v ;g !
M / (Y+ [+ [ y=o (11-1) :
g( & A to H Hp PA '
i L ;
Ly | '
5 / () + [ )+ [ ()= 2rt {reslive at the pole Et),  (11-2) ]
¥ J to N MO 0J ‘ !
. Kj . :
;5 '{PA( 3 aud /NO( ) are both @jual tc rero since the integrand is vanishingly ]
; small on the huge clvcle, Using tude result i~ (IX-1) and (1i-2),
E, f ) *f () . /’ ()~ f ()Y + 2wl (roaidue at the poule F,-EO)
’ Atoll J to N Yy oy
*
s :
k; Alding the semd-cirgulax pach HIJ vo both sides of the above equacion, vne
‘,’ obtaluwe
b Y. '
o [ C)» [ () + 2714 (vesidue &t the poie E-EO)

c r

Thiv lu tlw result used in ewquations (30) through (33).
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- APPERDIX IIT
ff Thim mRppendix essentially liats all the ¥ortrvan IV programs that weve _
used in the varlous couputations. The 'Main Program' which appears at the : 1
; ‘
: begirnlug was written te compute the radlation part of the mapnaetic current :
»:i on the ferrite-rod antenna, Baslcally it {nvolves a numerlcal dntegration ;
b 1
3 of a cowplex function. For thie purpose the bebavior of tha real and Iimag- J
; ‘ inary parte of the Llntegrand for various parameter reoges was examined and a 3
l%' sultable Gaussian Quadrature routine was employed. The numerical evaluation ;
of the integrand itself 1ip comprisad of cylindrical functions of cumplex ar- é
qumsnts. Previously available prograwus [13] were modified to neet the pres- E |
1
) anf. requivapanta, ; |
T |
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b E
i
L
Ch
L |
-:;: )
B,
i
)

P

TP

B



C MAIW pPRUGAAN
C O THUY PUBYRANCTY PAOGRAIS CONPUTES Tim RAUIATIUN BART UF 1iE MAGMETIC
€ CUNMRENT HISYRIBUTIUN 01 AN SLECURICALLY MMALL LOUP ANTeMA LIOADED 8y H
i C A IHGOENEQUS AND IBUTFOPIC PRA (LTR CYLIMUER UP EWPIMITE LEMGTHS ;
[ "
U PUMCTIOM BUBPRGHRANE- ¢ TRRI(TFD § i
i € BMRCUTIMES: ¢ GAUSS OFUN BELH, DILINML AT, ABY X AEYAASYS AYa  AlYT ! i
N [1 5
i ooy IWSL1CTY COMPLAN®IM{0), REALOA(T] 4 4
§ aee? EXYERMAL TPRL,IP1 :
i seoy OGN TUR,YER, YREAy ThOl
0u04 I RRAD (9,3} YUR,TER, YRDA
i 000> L] FORKAT {3(DLO.4IRID
i 00e 16 frum Y. yov. 1) G0 TU 209
o acor READ (9,10) TL.TU !
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